Abstract Ossification of the posterior longitudinal ligament (OPLL) is characterized by ectopic bone formation in spinal ligaments. Some evidence indicates that mechanical strain can lead to the development of OPLL, although the signaling mechanism is not fully understood. Connexin43 (Cx43), a gap-junction protein, has been shown to be of particular importance in bone formation. We hypothesized that Cx43 may play an important role in the signal transmission induced by mechanical strain during the development of OPLL. To explore this possibility, we cultured fibroblasts from spinal ligaments of OPLL and non-OPLL patients and preloaded mechanical stretch onto the cells via a Flexercell 4000 Tension Plus system. We evaluated expression changes in osteocalcin (OCN), alkaline phosphatase (ALP), type I collagen (COL I) and Cx43 via semiquantitative RT-PCR and western blotting at 12 and 24 h after mechanical strain application in contrast to static conditions. We observed a significant gene up-regulation of OCN, ALP and COL I and Cx43 protein in OPLL cells after mechanical strain application, but no changes in non-OPLL cells. Notably, after RNA interference targeting Cx43 was performed in OPLL cells, we found that there were no significant changes in the expressions of OCN, ALP, COL I and Cx43 after the mechanical strain was applied for 24 h. Thus, we propose that the increase in Cx43 expression induced by mechanical strain in OPLL cells plays an important role in the progression of OPLL.
Introduction
Ossification of the posterior longitudinal ligament (OPLL) is a pathological condition causing ectopic bone formation in the cervical spinal ligament, and is a common disease in Japan and throughout Asia [1] . Although the mechanism of OPLL development remains unclear, genetic factors and local factors have been proposed and partly confirmed, which demonstrate that the progression of OPLL is highly correlated with abnormal strain distribution and mechanical factors [2] [3] [4] . It is known that the presence of OPLL does not always indicate the presence of cervical myelopathy. OPLL is a chronic and progressive disease, and clinical symptoms may only occur after the ossified ligaments develop to a certain degree. Although some studies have investigated the role of mechanical strain in OPLL development, the signaling mechanism of such a role remains unclear [5, 6] .
Gap junctions are formed by the joining of two hemichannels (connexons) from adjoining cells, which are in turn comprised six transmembrane peptides, termed connexins [7] . There are more than 20 identified mammalian connexins, and the most abundant connexin family member present in bone cells is connexin43 (Cx43) [8, 9] . This mode of cell-cell communication is of particular importance in the skeleton, where a large variety of systemic and locally generated signals are transduced into biological signals and transmitted to cells at specific locations to permit bone formation [10] . As such, mineralization in Cx43 null osteoblasts, as well as flawed osteoblastic responses to anabolic signals, has been reported [11, 12] .
We hypothesized that the protein expression of Cx43 in spinal ligament fibroblasts derived from OPLL patients (OPLL cells) may be up-regulated and important in the progression of OPLL. To explore this possibility, we evaluated the expression of osteoblast-specific genes (OCN, ALP and COL I) and Cx43 via RT-PCR and western blotting in OPLL and non-OPLL cells before the application of mechanical strain and again at 12 and 24 h after stretch loading. In addition, the aforementioned tests were replicated after RNA interference targeting Cx43 in OPLL cells.
Materials and methods

Patients
Between June 2008 and June 2009, 15 patients presenting with OPLL and 14 patients with non-OPLL (9 of cervical trauma, 3 of cervical disc herniation and 2 of cervical spondylotic myelopathy) were selected for this study. The diagnosis of OPLL or non-OPLL was confirmed by cervical radiographs, magnetic resonance imaging, computer tomography and clinical data. All patients underwent cervical anterior decompression surgery, and the posterior longitudinal ligaments were collected intraoperatively. Informed consent was obtained from each patient.
In vitro culture of primary ligament fibroblasts using tissue fragment cell culture Twenty-nine posterior longitudinal ligament specimens from 15 OPLL patients and from 14 non-OPLL patients were harvested. The ligaments were extirpated carefully from a non-ossified site to avoid any possible contamination with osteogenic cells. After minced into approximately 0.5 mm 3 pieces and washed twice with phosphate-buffered saline, the ligament fragments were plated in 90-mm culture dishes and maintained in low-glucose Dulbecco's modified Eagle's media (DMEM) supplemented with 10% FBS. The explants were incubated in a humidified atmosphere of 95% air and 5% CO 2 at 37°C. The cells derived from the explants were harvested from the dishes with 0.05% trypsin for further passages.
Stretch apparatus
For stimulation experiments, the cells (3 9 10 5 cells/well) were seeded into Flexercell plates (Flexcell Co., NC, USA) and then cultured in DMEM containing 10% FBS for 1 day until 70% confluent. The cells were then incubated in DMEM supplemented with 1% FBS for 24 h. Subsequently, a Flexercell 4000 Strain Unit (Flexcell) was used to generate cyclic tensile strain in the cells. According to the manufacturer's instructions, the cells were subjected to a cyclic tensile strain of 10% elongation at a frequency of 0.5 Hz for 12 and 24 h. Control cells were cultured on the same plates without cyclic strain.
Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR)
After different periods of mechanical stretch, total RNA was extracted from the cells using TRIzol reagent (Invitrogen, CA, USA) according to the manufacturer's instructions. After separation, sedimentation, reduction and washing, the RNA concentration was detected. Each 1 lg of total RNA from the OPLL and non-OPLL cells was reverse transcribed into the first strand of cDNA using a RevertAid TM First Strand cDNA Synthesis Kit (Fermentas, Germany). PCR amplification was carried out in a volume of 20 lL containing 10 lL 29 PCR master mix, 8 lL nuclease-free water, 1 lL cDNA and 1 lL primer. Specific oligonucleotide primers were designed as shown in Table 1 . The cycling conditions were 94°C for 5 min as an initial denaturation step, followed by 35 cycles of denaturation at 94°C for 30 s. Renaturation and extension were both performed for 1 min each. The renaturation temperatures for OCN, ALP, COL I, Cx43 and GAPDH were 56.7, 56.7, 54.9, 54.9 and 59.1°C, respectively. A final extension step at 72°C for 10 min was performed. RT-PCR products were electrophoresed on a 1.0% agarose gel with 0.5 mg/ml ethidium bromide (EB). Bands were detected by UV illumination of EB-stained gels. Band intensities were quantitatively analyzed by Quantity One software (BioRad, CA, USA) for each gene, and were normalized to the corresponding GAPDH values. For western blot analysis, third passage OPLL and non-OPLL cells were placed at a density of 3 9 10 5 cells/well. Tissues were homogenized on ice with a cold Tris/EDTA buffer, boiled for 10 min to denaturation and centrifuged at 13,000 rpm for 5 min. The protein concentration for each sample was estimated using a Bradford dye-binding procedure with bovine serum albumin as a standard. Homogenates containing 20 lg of protein were solubilized in a sample buffer. After denaturation, the samples were subjected to electrophoresis on SDS-PAGE gels (10% v/v). Separated proteins were transferred onto a nitrocellulose membrane using a wet blotter in Genie Transfer buffer (pH 8.4) for 70 min at a constant voltage of 135 V. Blots were then blocked for 2 h at room temperature by shaking in a solution of non-fat dry milk (5% w/v) in Tris-buffered saline Tween-20 (TBST), followed by incubation with a rabbit monoclonal antibody against Cx43 (1:500) at 4°C overnight. The membranes were washed and incubated with a goat anti-rabbit IgG linked to horseradish peroxidase (1:1,000) for 2 h at room temperature. Bound antibody was then revealed using 3,3 0 -diaminobenzidine as a substrate (DAB, 0.5 mg/mL). Finally, the membranes were dried and then scanned using an Epson Perfection Photo Scanner (Epson Corporation, CA, USA). Molecular mass was estimated by reference to standard proteins (Fermentas). As a loading control, GAPDH was used.
Transfection of siRNA targeting Cx43
The siRNAs were synthesized in duplex (GenePharma Co., Shanghai). The sense and antisense strands of the Cx43 siRNA are shown in Table 2 . Third passage cells cultured from the OPLL patients were placed in six-well plates at a density of 3 9 10 5 cells/well, allowed to reach confluency and then transfected with 20 pmol of siRNA duplexes using Lipofectamine TM 2000 reagent (Invitrogen) according to the manufacturer's instructions. Silencer negative control siRNA (Invitrogen) was used as a negative control, and was introduced into the cells using the same protocol.
After 48 h of transfection, we performed western blotting to clarify whether the transfection of siRNA downregulated Cx43 protein expression and to what degree.
Statistical analysis
Data are expressed as mean ± SD, and were analyzed using a paired t test. All analyses were performed with the Statistical Package for Social Sciences (SPSS 6.1.1; Norusis/SPSS Inc, Chicago) software, and were two tailed with a level of significance set at 0.05.
Results
Different Cx43 protein expression between OPLL and non-OPLL cells
First, we detected the protein expression of Cx43 in OPLL and non-OPLL cells using western blotting and found that the protein expression of Cx43 in OPLL cells was upregulated approximately 117% as compared to that in non-OPLL cells (p \ 0.01) (Fig. 1) .
Effects of mechanical strain
To investigate the effects of mechanical strain on the osteoblastic differentiation of OPLL spinal ligament fibroblasts, we performed semiquantitative RT-PCR with (Fig. 3a) . There were no significant changes in the protein expressions of the non-OPLL cells (p [ 0.05) (Fig. 3b) .
Influence of siRNA targeting Cx43 on OCN, ALP and COL I
To elucidate the validity of the Cx43 siRNA sequences and the efficacy of the transfection, western blotting was performed after 48 h of transfection. We found that the Cx43 protein expression inhibition reached to 69% in the transfection group as compared to the negative control group, showing a significant difference (p \ 0.01) (Fig. 4) .
We then detected the mRNA expression changes in OCN, ALP and COL I and protein expression of Cx43 at 12 and 24 h after mechanical stretch application in contrast to static conditions, following 48 h of specific Cx43 siRNA transfection. We found that the protein expression of Cx43 from OPLL ligament fibroblasts at 24 h after mechanical stress application was not significantly different to the protein expression under static conditions (Fig. 5) . Further, we observed that there were no significant up-regulations in the mRNA expressions of OCN, ALP and COL I after 48 h of specific Cx43 siRNA transfection, although the mechanical stretch was loaded on the OPLL cells for 24 h (Fig. 6 ).
Discussion
Role of mechanical strain in ossification Clinically, it has been reported by several authors that ossification progresses frequently after posterior decompressive surgery of the cervical spine, such as a laminectomy or laminoplasty, which destroys the posterior supportive elements and the results in various degrees of cervical instability [13, 14] . The progression of OPLL has been highly correlated with abnormal strain distribution in the associated intervertebral discs. These observations suggest an important role for mechanical factors in the progression of OPLL. Miyagawa et al. [15] and Tominaga [16] evaluated the relationship between the progression of ossification and the mobility of the cervical spine, reporting that ossification tends to progress in patients with high mobility. Furthermore, in patients that underwent anterior interbody fusion, the development of ossification evidently slowed and even stopped [17] . Based on these reports, OPLL may tend to progress at the area where mechanical stretch exists, which has been reported by several authors [5, 6, 18] .
In this research, we used an extension ratio of 10% and a frequency of 0.5 Hz for mechanical stretch to approximate the physical motion of the cervical spine and to avoid damage in the cells. Our results demonstrate that mechanical strain induced the mRNA expressions of osteoblast-specific genes including OCN, ALP and COL I in OPLL cells, whereas no changes were observed in non-OPLL cells. These observations are consistent with the hypothesis that OPLL cells have been transformed into osteoprogenitor cells, as well as osteoblasts and osteocytes, under mechanical strain. We also found that there was no change in OCN expression induced by mechanical strain at the point of 12 h. In contrast, only at 24 h a significant upregulation of OCN was observed, which demonstrates a low sensitivity of OCN to mechanical strain.
Connexin43
Connexins represent a family of proteins that associate as hexamers to form individual gated cell-to-cell channels that [7, 8] . Gap junctions are membrane-spanning channels that facilitate intercellular communication by allowing small signaling molecules (e.g. calcium ions, inositol phosphates and cyclic nucleotides) to pass from cell to cell [9, 10] . Several researchers have described the existence of gap junctions between bone cells [11, 12] . Although other connexins can be expressed in osteoblastic cells, gap-junctional intercellular communication between these cells correlates best with Cx43 expression. It has been shown that Cx43 is abundantly expressed in both osteoblasts and osteocytes, where it can transmit hormonal signals, mechanical load and growth factor cues among cells to coordinate the synthesis of new bone [19] . Over the past two decades, many studies have described a role for Cx43 intercellular communication in the proliferation and differentiation of osteoblasts and bone cells [11, 12, [20] [21] [22] . Recently, conditional deletion of Cx43 in cells of osteogenic lineage has revealed an Indeed, we detected a significant up-regulation of Cx43 in OPLL ligament fibroblasts at 12 and 24 h after mechanical strain loading in comparison with static conditions, and there were no changes in non-OPLL cells. We performed RNA interference targeting Cx43 in OPLL ligament fibroblasts and after 48 h of transfection, the protein expression of Cx43 was inhibited approximately 69%. Correspondingly, the mRNA expressions of OCN, ALP and COL I did not up-regulate again, although the mechanical strain was applied for 24 h. The results indicate that Cx43 is important in the progression of OPLL.
Conclusions
In conclusion, mechanical strain is thought to play an important role in the progression of OPLL. We observed that mechanical strain could increase the Cx43 protein expression in OPLL cells, but not in non-OPLL cells. There was no significant up-regulation in the expressions of OCN, ALP and COL I in OPLL cells after specific Cx43 siRNA was transfected into the cells, even though a mechanical stretch was applied. Based on these observations, we propose that the increase in Cx43 expression induced by mechanical strain plays an important role in the signal transmission between OPLL ligament fibroblasts and in the progression of OPLL. To clarify the detailed mechanism of Cx43 activation and the intimate signal transmission of Cx43 in the progression of OPLL, more direct evidence and research is needed.
